Abstract-We demonstrate the integration of a 3-dB multimode interference coupler with a corrugated sidewall Bragg grating in planar polymer waveguides by direct electron beam writing. Both transmission and reflection spectra of the Bragg grating are measured through this integrated device directly. We use the thermooptic effect to tune the integrated waveguide grating, achieving a tuning range of 6.2 nm and a bandwidth variation of 0.3 nm within a temperature change of 62 C.
Integration of a Multimode Interference Coupler
With a Corrugated Sidewall Bragg Grating in Planar Polymer Waveguides
I. INTRODUCTION

I
NTEGRATED optical devices have become important components for optical fiber communication systems. Polymer materials offer a very promising platform to fabricate integrated optical devices on a planar substrate, owing to the advantages of easy processing, mechanical flexibility, and potentially low production cost [1] . Polymer Bragg gratings have been fabricated by a variety of techniques such as photolithography (photochemical process) [2] - [4] , oxygen plasma reactive ion etching (RIE) [5] , [6] , and direct electron beam writing [7] , [8] . The photolithography technique requires photosensitive polymer materials. The relative refractive index modulation induced by a photochemical process is normally limited to around [2] . Both plasma etching and direct electron beam writing can achieve a larger relative refractive index modulation of 0.001-0.1. RIE processing transfers a grating pattern from the top polymer layer to the core underneath. It increases the difficulty of obtaining accurate and smooth waveguide gratings. Direct electron beam writing provides high flexibility and minimal fabrication errors, but requires the electron beam sensitive polymer material with good optical properties. Previous work using direct electron beam writing mainly focused on surface relief gratings [7] , [8] . Recently, we have applied direct electron beam writing to fabricate corrugated sidewall Bragg gratings in polymer waveguides and demonstrated multichannel passband filters based on a phase-shifted design [9] .
It is highly desirable to integrate this on-chip sidewall grating with other planar optical components in polymer waveguides because the combination of Bragg gratings with optical couplers, Mach-Zehnder interferometers, and lasers has created many important multifunction devices, such as optical add-drop multiplexers (OADMs), optical switches/routers, and distributed feedback lasers [10] . Meanwhile, the direct electron beam writing technique offers the great advantage of eliminating alignment errors in the integration of planar grating structures with other device structures since all the patterns are written sequentially by a precisely controlled electron beam.
In this letter, we use the polymer material to integrate a 3-dB multimode interference (MMI) coupler with a corrugated sidewall Bragg waveguide grating on an oxidized silicon substrate. The fabricated device realizes the function of an OADM filter and has a compact size. In addition, we take advantage of the large thermooptic coefficient (refractive index change with temperature) of the polymer material to demonstrate tunability of the fabricated device. Fig. 1(a) shows the proposed device structure of an integrated MMI coupler with a waveguide grating. The reason we chose an MMI coupler is that it has a good fabrication parameter tolerance, does not require a small coupling gap as in evanescent couplers, and has a compact size [11] . Fig. 1(b) shows the top view of a corrugated sidewall Bragg grating and the corresponding effective refractive index profile along the propagation direction. This corrugated sidewall design is superior to a conventional buried 1041-1135/$20.00 © 2006 IEEE grating structure (surface relief grating) for the control of the effective index modulation [12] , [13] . The device operation can be explained in the following way: An optical signal is launched through the input port at one end of the MMI coupler. Two images of the input signal will be symmetrically distributed at the other end of the coupler through the mode coupling. By integrating the waveguide grating in the output arm of the MMI coupler, the transmitted signal outside the grating bandwidth will pass the "through" port, while the signal within the grating bandwidth will be reflected back and taken out from the "drop" port.
II. DEVICE DESIGN AND FABRICATION
To fabricate the device in Fig. 1(a) , a 1.6-m-thick layer of the negative electron beam resist SU-8 (Microchem) is first spun onto a silicon wafer with 5 m of thermally grown silicon oxide, which serves as the lower cladding. Then, the MMI coupler and waveguide grating are directly patterned by electron beam exposure using a scanning electron microscope. As the waveguide core, the crosslinked SU-8 exhibits a relatively high refractive index ( at 1550 nm). The waveguide does not have an upper cladding. Finally, the sample is developed by propylene glycol monomethyl ether acetate and dried by nitrogen gas. The device end facets are formed by cleaving the silicon substrate.
III. RESULTS AND DISCUSSIONS
It is important to obtain a 50/50 coupling ratio between two output arms of the MMI coupler in order to minimize transmission loss of the drop port [10] . Thus, we first fabricate a series of MMI couplers (without the waveguide grating) with different coupling lengths to obtain the optimal design. The width and height of the MMI couplers are 6 and 1.6 m, respectively. During the measurement, since it is difficult to maintain exactly the same input coupling efficiency for different devices, we choose the power ratio between two output arms as the measure parameter. The input signal at wavelength of 1.55 m is first transmitted through a polarization scrambler to obtain an average result among all polarization states. In Fig. 2(a) , the solid line shows the experimental result of the power ratios between the two output arms with different MMI lengths, and the dashed line shows the corresponding numerical simulation result calculated by a beam propagation method (BPM). We achieve a good agreement between the experimental measurements and the theoretical calculations. Fig. 2(b) shows the BPM simulation result of the normalized power of two output ports with different MMI lengths. Comparing Fig. 2(a) and (b), we can find the optimal 3-dB coupling length, which provides not only the equally distributed intensities of two image fields but also the highest transmission intensity, is approximately 95 m.
Given the optimum coupling length of 95 m, we can fabricate the final device by integrating the waveguide grating in one arm of the MMI coupler. The grating has a waveguide width of 1.5 m, grating period of 520 nm, and grating depth of 500 nm. The grating length is 560 m and the total device length is around 1.2 mm. In Fig. 3 , the solid line represents the experimental result of the device frequency response spectra for both the drop [ Fig. 3(a) ] and through [ Fig. 3(b) ] ports, and the dashed line represents the corresponding numerical fitting based on a transmission matrix method. The transmission and reflection spectra are complementary to each other, indicating that Fig. 1, P1 is the input port, P2 is arranged to be integrated with gratings, P3 is added for the device characterization, and P4 is the drop port. (b) Dependence of the power ratio of P2/P1 and P3/P1 upon MMI length (simulation only). Experimental results and theoretical simulations achieve good agreement in (a), and the 3-dB coupling length is around 95 um. the reflection signal from the sidewall Bragg grating has been coupled back through the MMI coupler. The wavelength-dependent loss observed within the central lobe of the drop port spectrum comes mainly from scattering loss. The central wavelength of the grating bandgap is around 1573.6 nm and the 3-dB bandwidth is about 2.9 nm. According to the numerical fittings, the measured spectra correspond to an effective index of 1.513 and grating index modulation of 0.0047. The sidelobes present in the transmission spectra originate from the constant grating index modulation profile used for the fabricated device. Through the design of an appropriate apodization profile, i.e., varying the grating depth along the propagation direction, the sidelobe amplitude can possibly be suppressed [12] , [13] .
The insertion loss is 11 dB at the through port off resonance (outside the grating bandwidth) and 18 dB at the drop port on resonance (inside the grating bandwidth). The insertion loss mainly comes from the propagation loss, coupler imaging loss, and fiber-to-device coupling loss. The radius of the curve in the device is around 100 um, so the bending loss for the drop port is expected to be less than 1 dB. Assuming the input and output coupling losses are the same for the through and drop ports, the propagation loss for the device is estimated about 22 dB/cm, which includes both material loss and scattering loss. The device temperature is changed by directly heating the substrate after the chip is mounted on a micro heater. Fig. 4 shows the dependence of the central bandgap wavelength and bandwidth of the fabricated device transmission spectra on temperature. The central wavelength is blue shifted with the increase of the device temperature. From 24 C to 86 C, we observe a tuning range of 6.2 nm for the central wavelength. The corresponding average thermooptic coefficient of the polymer waveguide grating can be calculated as where is the period of the grating, is the order of Bragg reflection, is the change of the central wavelength, and the change in device temperature. We find that the rate of change of the central wavelength is roughly constant from 20 C to 60 C, but decreases slightly when the device temperature is increased beyond 60 C. This is probably due to the slight deformation of the polymer device at relatively high temperatures. As illustrated in Fig. 4 , the temperature also affects the device bandwidth, causing it to vary within a range between 2.9 and 3.2 nm. This comes from the change of the waveguide core index, which also leads to the variation of index modulation of the grating.
IV. CONCLUSION
We have applied electron beam direct writing to demonstrate the fabrication of a polymeric 3-dB MMI coupler integrated with a uniform corrugated sidewall waveguide grating. The fabricated device functions as a broad-band OADM filter, with a nominal bandwidth of 2.9 nm. The thermooptic effect is used to tune the integrated device, achieving a tuning range of 6.2 nm and a bandwidth variation of 0.3 nm within a temperature change of 62 C.
